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Abstract: Hydrogen production from steam reforming of bio-oil and acetic acid using Ni/y-Al,O; catalyst was studied in a
This study selected different Ni loadings (16.8% and 30.5%) in Ni/y-Al,O; catalysts and
reaction temperatures (500°C, 600°C and 700°C) as variables to optimize the hydrogen yield and selectivity of gases formed.

laboratory-scale fixed bed reactor.
Experiments were carried out in an isothermal manner. The catalysts were prepared on wet impregnation of a y-Al,O; which

supported with two different Ni loadings. The principal gases generated were H,, CO, CO, and CH,. The results from steam
reforming of acetic acid showed that the yield and selectivity of hydrogen using the catalyst with 30.5% Ni were significantly
higher than that with 16.8% Ni.

and the steam reforming of bio-oil using Ni/y-Al,O; catalyst with 30.5% Ni showed that the yields and selectivity of H, and

The results showed that the most favorable temperature for hydrogen production was 600°C,

CO, increased with the temperature increasing while CH, and CO selectivity decreased. These results showed that the most

favorable temperature for hydrogen production from bio-oil using 30.5% Ni/y-Al,O; was 600°C, at which hydrogen yield was

at its maximum of 65%.
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1 Introduction

With the rapid increase of energy consumption,
burning of fossil fuels could cause global warming and
led to the issue of climate change in the recent decades
The demand for substitute energy sources becomes a

major concern of the economy. Biomass, one of the
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possible alternative energy sources, is a renewable and
COj-neutral fuel carbon source.  Biomass can be
converted into several types of liquid or gaseous products,
and bio-oil can be converted into hydrogen by catalytic
steam reforming (SR)®!.  The hydrogen is recognized as
a clean fuel and energy carrier and will certainly play an
important role in the future global economy™. It is,
however, a fact that current hydrogen production is
substantial, between 38 and 53 million metric tons
worldwide as of 2010,

US Department of Energy, around 95% of the current US

According to the statistics of

hydrogen production which provide about half hydrogen
supply in the world" is produced from fossil such as
natural gas, naphtha and coal, and the statistical data are
not much different in the rest of the world. Therefore,
the SR of bio-oil derived from fast pyrolysis of biomass is
a viable process for the production of hydrogen™.

The conventional SR process is usually catalyzed by

the group VIII metals and Ni. Nickel-based catalysts have
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been widely used for reforming of bio-oil due to its lower
price and their high activity in the decomposition of
oxygenated compounds, and some relevant studies have
been conducted”. The Ni loading ranging from 5% (wt)
to 30% (wt) has been investigated by different researchers

]

for ethanol and acetic acid'*'®. The robustness of the

catalyst based on Ni guarantees operation over thousands
of hours®, but this metal leads to extensive coke
formation in the case of the whole bio-oil. In the
previous studies, Ni has been demonstrated the active
species that catalyzed the reaction, and Ni loading had an
effect on the catalytic reforming of the model compounds
studied"".

oxides are Al,Os, calcium or magnesium aluminates

The support material is MgO, other basic
el
Activated Al,O; as a carrier of catalysts were widely used
due to its porosity and greater surface area for adsorbing
more active composition to meet catalytic requirements.
The wet impregnation method was applied for the
preparation of catalysts, by which the active metals were
loaded onto the prepared catalyst support. The details of
the wet impregnation are described elsewhere!'”. In
catalytic SR reaction, the main problems of catalysts are
not stable over longer periods of operation (>100 h) and
has a short lifetime due to the carbon deposition.
Catalysts prepared in this study should have higher
catalytic activity and stability, and the preparation method
should be convenient in application with low costs.

The SR of bio-oil is considered to be a sustainable
route to hydrogen production from biomass. Bio-oil is a

complex mixture, whose major components are
oxygenated compounds such as alcohols, acids, aldehydes
and ketones, as well as more complex carbohydrates and
lignin derived materials!"®. Acetic acid is one of the
major components in bio-oil; it has noninflammable or
explosive nature than in methanol and ethanol and is a
safe hydrogen carrier. Due to the complexity of bio-oil,
some researchers have used model compounds as a
substitute for bio-oil in their studies. Of these, acetic
acid has been widely used for thermal analysis of
catalytic SR.

The purpose of this study was to investigate catalytic
SR of bio-oil for hydrogen production. The main focus
will be on catalytic SR of bio-o0il and model compound

acetic acid using Ni/y-Al,O; catalysts under different

temperatures and Ni loading in a laboratory-scale
atmosphere fixed bed reactor, which in order to
investigate how the reaction temperature and Ni loading
effected on the yield and selectivity, as temperature is the
most important parameter in catalytic SR of bio-oil. Gas
releasing behaviors, yield and selectivity from the SR
experiments will be also presented in details and

suggestions to further investigations will be given.
2 Materials and methods

2.1 Materials
The bio-o0il (CHj 95400341) used in this research was
produced by fast pyrolysis of corn straw. Table 1 gives
some physical and chemical properties of the bio-oil used.
The main elemental composition of the bio-oil was
carbon (C), hydrogen (H), nitrogen (N) and oxygen (O).
The major chemical compounds in corn stalk fast
pyrolysis bio-oil as determined by GC/MS were shown in
Table 2.
1-hydroxy-2-propanone,
1,2-Ethanediol,

benzenediol, levoglucosan and phenols, etc.

The major chemical compounds included

acetic acid, ethanol,

2-Methyl-2-cyclopenten-1-one,

Acetic acid (99%) were purchased from Yantai
Chemical Reagent Co., Ltd. Aluminum oxide (y-Al,O3)
and nickel nitrate hexahydrate (Ni(NO3),-6H,0) were of
high purity and purchased from Sinopharm Chemical
Reagent Co., Ltd.

Table 1 The main properties of bio-oil derived from fast

pyrolysis of corn stalk

Properties

Ultimate analysis/% wt

Carbon 43.80
Hydrogen 7.12
Nitrogen 0.42
Oxygen (by difference) 48.66
Water content/% wt 24.10
Density/g-cm™ 1.05
v/IMPa-s 1.90
pH 32

HHV/MI kg 17.6

2.2 Catalysts preparation

The y-Al,O3 was first pretreated at 650°C for 6 h and
then crushed to 20-30 meshes. Following a typical
impregnation  procedure, known  amounts  of
Ni(NO3), 6H,0 was dissolved in deionised water and the

prepared y-Al,O; was added to the solution. The
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obtained slurry was kept stirring at room temperature for
3 h and dried for 12 h in an oven at 105°C, finally
calcined at 500°C for 3 h in a muffle furnace. ZSX100e
type X-ray fluorescence spectrometer was applied to
measure the Ni loading in the prepared catalysts, which
can be used for the qualitative and quantitative analysis of
most of the elements in the periodic table, even up to
100% of the element concentration also could be directly
Finally two Ni/y-AlLO;
catalysts were obtained with Ni loading of 16.8% and
30.5%.

2.3 Experimental apparatus and procedure

measured without dilution.

The experimental apparatus is shown in Figure 1. It
consisted of a cylindrical quartz tube reactor provided
with a heating system, inlets for feeding the gases, bio-oil
and model compounds and a Gas board-3100 gas
analyzer as well as accessories to collect the gas samples.
The heating system consisted of a tubular electric furnace
and a power source, temperature being controlled
automatically by a temperature controller. All
experiments were carried out isothermally.

Table2 Major chemical compounds in corn stalk fast

pyrolysis bio-oil as determined by GC-MS

No. RT/min Compound name
1 5.044 Ethanol
2 9.433 Acetic acid
3 11.048 2-Propanone, 1-hydroxy-
4 15.358 1,2-Ethanediol
5 21.142 2-Furanmethanol
6 21.564 2-Propanone, 1-(acetyloxy)-
7 21.681 2-Cyclopenten-1-one, 2-methyl-
8 21.913 1,2-Ethanediol, monoacetate
9 22.507 Ethanone, 1-(2-furanyl)-
10 27.055 Butanoic acid, 4-hydroxy-
11 32.049 Phenol, 2-methoxy-
12 33.604 Phenol, 2-methyl-
13 33.953 2-Cyclopenten-1-one,3-ethyl-2-hydroxy-
14 34.296 Cyclobutanemethanol
15 37.215 Cyclopropyl carbinol
16 39.352 Phenol, 4-ethyl-
17 42.773 Xanthosinel,
18 45313 2-Benzenediol
19 49.97 Hydroquinone
20 51.600 3,5-Dihydroxytoluene
21 58.650 1,6-Anhydro-a-D-glucopyranose (levoglucosan)

The catalysts were placed in middle of the quartz tube
reactor which had an inner diameter of 10 mm and a

length of 860 mm. Before the experiments, N, was used

to purge the reaction tube at flow rate of 50 mL/min for
30 min, then catalysts were reduced by H, at flow rate of
50 mL/min for 3 h at 500°C. When the reduction was
completed, the reactor was by N, (=99.995%) at the flow
rate of 100 mL/min until the H, content=0 in the gas
analyzer, and heated up to the desired temperature in the
temperature range of 500-700°C. Acetic acid/Bio-oil
and water were injected into the reactor by two
high-pressure syringe pumps, which can achieve the
required water to carbon ratio. During the reaction
processes, gaseous products were filtered, condensed and
dried, and finally, the compositions and contents of final
gaseous products were analyzed and recorded by Gas
board-3100 gas analyzer, which was equipped with the
proprietary non-dispersive infrared gas sensor and
thermal conductivity detector and could quantify H,, CO,

C02 and CH4

Bio-oil

Temperature controller
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Figure 1 Schematic diagram of laboratory-scale apparatus used

for catalytic steam reforming
2.4 Data analysis
The overall SR reaction may be represented as

follows:

Catalyst m

C,H,0, +(2n=k)H:0 — nCO+ 20+~ k)H:

(1)

Reforming of acetic acid and bio-oil for hydrogen
production can be summarized by the following reactions
as discussed in Equations (2) and (3). In fact, a series of
accompanied side reactions were involved in hydrogen
production from SR, which was well discussed in
literatures''***, mainly including thermal decomposition
(Equations (4), (5) and (6)), carbon monoxide conversion

(Equation (7)) and methanation reaction (Equations (8)
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and (9)) .
CH,COOH +2H,0—“,2C0, +4H, (2
CH, 45,04, +1.159H,0—%* 5 CO, +2.136H, (3)
CH,COOH — 2CO +2H, 4
CH,COOH — CH, +CO, (5)
C,H O, — CXHyOZ +gas(H, + H,O+CO+CO,
+CH,,---)+Coke

(6)
CO+H,0 < CO, +H, (7)
CO +3H, - CH, + H,0 (8)
CO, +4H, - CH, +2H,0 9)

The S/C ratio was defined as the number of moles of
total water fed to the moles of carbon in the feed

(Equation (10)), which was 6:1 considered in the formula.

_ s/ _ molesof total water fed
R=¢ -

x100%
molesof carbon fed

(10)

The catalytic performances of the catalysts were
evaluated in terms of H,, CO, CO, and methane yields.
Hydrogen yield ratio (Equation (11)) was defined as the
moles of produced hydrogen in the actual effluent gas to
the theoretical amount of hydrogen that can be obtained
Co,

CO; and CHy, yields were defined as the number of moles

when complete reforming to CO, and H, occurs.

of gas formed per mole of carbon fed (Equation (12)).
Terms of product selectivity were described in Equations
(13) and (14).

H, yield = moles of H, obtained

x100%
2n+ % — k) moles of cabonfed/n

(1D
Yield of "' moles of gas "i .obtamed <100% (12)
moles of carbon in the feed
. les of h i
Selectivity of H, = MOes © ydr(.)gen 9bta1ned x100%
moles of H obtained in all gases
(13)
L 1 f 1 n:n 1
Selectivity of "i" = moles o C. in gas "i .obtalned < 100%
moles of C in all obtained gases
(14)

3 Results and discussion

3.1 SR of acetic acid

There were some valuable methods and data for

hydrogen production from bio-oil by studying of SR of
acetic acid®. Based on results from thermodynamic
analyses of SR of acetic acid for hydrogen production,
larger gaseous production was obtained at the
temperature range of 400-650°C. Therefore, catalysts
were evaluated from 500°C, 600°C and 700°C in the
catalytic SR of acetic acid as the model compound of
bio-oil.
3.1.1 Influence of Ni loading

The results of catalytic SR of acetic acid were given
in Figures 2 and 3, with the observation that the
maximum H, yield was found to be about 52.4% over
30.5% Ni/y-Al,0; at 600°C. H, production was higher
in the case of 30.5% Ni/y-Al,O; catalyst than 16.8% Ni

loading, which were produced at the same operating

conditions.
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Figure 2 Yields of gas products from SR of acetic acid over
catalysts with different Ni loadings
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Figure 3  Selectivity to gas products of SR of acetic acid over

catalysts

It was revealed that metal content had a significant
2628 Afor

effect on selectivity in some other literatures .
comparison, catalysts with 30.5% Ni loading was more
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active for acetic acid reforming, besides, the selectivity to
hydrogen was also enhanced with the increase of Ni
contents, due to the obvious CH,4 decreasing. However,
experiments with Ni loading greater than 30.5% were not
carried out, we could not speculate that the 30.5% Ni
loading was the optimal metal loading for achieving the
best catalytic performance.
3.1.2 Influence of reaction temperature

The 30.5%

temperature range of 500-700°C, each experiment was

Ni/y-Al,O5 catalyst was tested in
carried out for 3 h. The experimental results were
shown in Figure 3b and Figure 4. It is observed that the
conversion of acetic acid increasing with running time,
and also observed that reaction temperature had a
significant effect on H, yield.

As temperature increased from 500°C to 600°C, the
increase of CO, yield and selectivity and a significant
increase of hydrogen yield and selectivity indicated that
the SR of acetic acid reaction (Equation (2)) was an
endothermic process. As the increase of hydrogen and
CO,, carbon monoxide shift reaction (Equation (7))
occurred hydrogen and CO, increasing, while the amount
of CO increased. Generally, higher temperature was
prone to methanation reaction (Equations (8) and (9)).
However, methane yield and selectivity decreased mostly
with the increase of temperature. As has been suggested
earlier, the conversion of acetic acid to methane was also
probably due to thermal decomposition. Methane is an
undesirable product for hydrogen production since it
leads to reduction in hydrogen yield by competing for the

21 The increase of

H atoms in the reaction system
selectivity at lower temperatures can be ascribed to
Equation (7), which occurs spontaneously at low
temperatures.

We simulated the influence of reaction temperature
from 100°C to 1000°C on the four gas product at S/C
ratio of 6:1, and the simulation results are shown in
Figure 5. The reactants are acetic acid and H,O, the
composition are likely acetic acid, H,O, carbon monoxide,
carbon dioxide, methane and hydrogen when reaction
equilibrium is reached. The studies of thermodynamic
simulation using the

thermodynamic  equilibrium

calculations is non-stoichiometric method, which is based

on the direct minimization of the Gibbs free energy”"*

and needs no knowledge of the chemical reactions
involved in a system. More details are presented in
Reference [8]. The measured results from catalytic SR
of acetic acid were basically the same as those simulated
results. Increasing reaction temperature was favorable
for catalytic SR of acetic acid for hydrogen production,
but it was not good when the temperature was higher,
which reached the maximum yield around 600°C in this
study.
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Figure 4 Yields of gas products from SR of acetic acid at
different temperatures with catalyst of 30.5% Ni/y-ALO;
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Figure 5
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3.2 SR of bio-oil over 30.5% Ni/y-AlL,O; catalysts

Preliminary experiments of SR of bio-oil over
Ni/y-Al,O5 catalysts indicated that higher gaseous yield
was obtained with 30.5% Ni content. In order to
simplify experiment process, 30.5% Ni/y-ALOs catalyst
was tested at different temperatures in the process of SR
of bio-oil, which was similar to these found in model
compounds. Each experiment was carried out for 3 h.

The fluctuations of the products yields and selectivity
were observed over time, as shown in Figures 6 and 7.
The SR of bio-o0il was similar to these found in model
A steady H,
yield of 65% leveled off after the first 20 min was found
at 600°C, so we concluded that 600°C was more
favorable temperature for hydrogen production. At the

same time, the production of CO, also increased with

compounds under the same conditions.

time, whereas, the opposite trend for CHy yield was
observed. Figure 7 shows that the selectivity to H, is
between 80% and 90% which is higher than that in SR of
acetic acid reaction at each corresponding reforming

temperature. CO selectivity is basically around 40%-60%

—a— CH;, —0— H,

Yield/%

I L 1 I L 1 1 ] I I L L L L L 1 Il
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Time/min
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a. 500°C
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Figure 6 SR of bio-oil at various temperatures with 30.5% Ni/y-Al,O; catalysts
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Figure 7 Effect of temperature on gaseous selectivity of steam reforming SR of bio-oil
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and decreases with the temperature increasing. The
selectivity of CO, varies from 15% to 45%. Overall, H,
and CO, selectivities increase, while CH; and CO
selectivities decrease with the increase of temperature.
The reaction temperature has significant effects on the
selectivities of CO and CO; and slight effects on the

selectivities of H, and CHy.
4 Conclusions

Hydrogen production from catalytic steaming
reforming of corn stalk fast pyrolysis bio-oil and acetic
acid using Ni/y-Al,O4

laboratory scale fixed bed coupled with the infrared gas

catalysts was studied in a
analyzer. The effects of Ni loading and reaction
temperature on hydrogen production were studied. The
highest hydrogen yield of 52.4% was obtained over the
30.5%Ni/y-AlLO; catalyst at 600°C by catalytic SR of
acetic acid. The hydrogen yield was significantly
increased when the temperature increased from 500°C to
600°C, whereas hydrogen yield decreased slightly by
further
Catalytic SR of bio-oil with 30.5% Ni/y-ALL,O; catalysts
under different temperatures was similar to these found in
model compounds. The highest hydrogen yield obtained

was 65% at 600°C, and obtained the same hydrogen yield,

increasing the temperature up to 700°C.

while the required SR temperature for SR of bio-oil was

lower than that of acetic acid.
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